Nobiletin contributes to pharmacological activities such as anti-cancer and anti-inflammatory effects, but little is known about its effect on melanogenesis. In this study, we found that nobiletin increased melanin content and tyrosinase activity in murine B16/F10 melanoma cells. Furthermore, inhibition of the extracellular signal-regulated kinase (ERK) pathway with U0216 resulted in inhibition of nobiletin-induced melanin synthesis and tyrosinase expression.
Melanin is the major pigment for skin color, and appropriate pigmentation protects skin cells from UV radiation. Melanin biosynthesis (or melanogenesis) takes place within the melanosome, an organelle that contains pigment-producing enzymes such as tyrosinase, tyrosinase-related protein-1 (Trp-1), and Trp-2/Dct (Dopachrome tautomerase). Among these, tyrosinase is a ratelimiting enzyme that triggers the conversion of Ltyrosine to dopaquinone, resulting in melanin production. [1] [2] [3] Large numbers of compounds from natural sources have been targeted for drug development in both pharmacological 4) and cosmetic research. 5 ) Natural extracts are being employed as new agents in functional cosmetics. 5, 6) Recently, it has been reported that quercetin extracted from herbs, naringenin isolated from citrus, and scoparone from plants stimulate melanogenesis, suggesting that these substances can be used as tanning agents. [7] [8] [9] In this study, we attempted to identify flavonoids affecting melanogenesis from nobiletin-rich citrus plants native to Jeju island, South Korea. 10) First we examined the effects of the polymethoxylated flavones nobiletin, tangeretin, and sinensetin on melanogenesis (Fig. 1) . B16/F10 melanoma cells (Korean cell line bank) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, and were seeded at a density of 1 Â 10 5 cells into 6-well plates. The cells were then treated with polymethoxylated flavonoids for 72 h. To determine melanin content, cells were lysed in sodium phosphate buffer (pH 6.8) containing 0.2 mM phenylmethylsulfonyl fluoride and 1% Triton-X and centrifuged at 15,000 rpm for 15 min at 4 C. The cell pellets were then dissolved in 1 N NaOH for 4 h at 70 C. The absorbance of the cell extracts was measured at 405 nm, and the relative amounts of melanin were quantified by total protein contents. Cells were treated with 10 mM nobiletin, 10 mM tangeretin, 10 mM sinensetin, or 0.1 mM -MSH for 72 h (means AE SD of three independent experiments).
Ã P < 0:005, ÃÃ P < 0:001 vs. control.
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Note
As shown in Fig. 1 , all tested flavonoids significantly increased melanin content. Among these, nobiletin most potently stimulated the production of melanin, almost comparably to the -melanocyte stimulating hormone (-MSH) treatment used as a positive control. Cytotoxicity was detected by lactate dehydrogenase (LDH) assay under the same conditions. There were no changes in LDH release (data not shown).
In our system, nobiletin acts as a potent stimulator of melanin synthesis. It also has pharmacological effects, such as anti-cancer and anti-inflammatory activity, 12, 13) but its melanogenic effects have not yet been reported. Hence we investigated the mechanism of nobiletinstimulated melanogenesis in melanoma cells. To confirm the effects of nobiletin on melanogenesis, melanin content and tyrosinase activity were measured after exposure to nobiletin at various concentrations, ranging from 2.5 to 20 mM, for 72 h. To measure tyrosinase activity, the supernatant was obtained as above and then incubated at 37 C for 2 h in a reaction mixture (4 mM of L-DOPA, 9 mM of L-tyrosine, and 33 mM of sodium phosphate buffer, pH 6.8). The absorbance was measured at 475 nm, and the activity of cell tyrosinase was calculated against a standard curve using purified mushroom tyrosinase (0.39-25 U). The relative activity was quantified by total protein content. 14) Treatment with nobiletin resulted in a 2 to 3 fold elevation in the production of melanin. The most marked melanin synthesis occurred in the cells treated with 20 mM nobiletin ( Fig. 2A, left panel) . Correspondingly, tyrosinase activity increased in a dose-dependent manner and reached 2.32 U/mg at 20 mM, compared to the activity of only 0.18 U/mg found in non-treated control cells ( Fig. 2A,  right panel) . Melanin synthesis takes place in the melanosome, which contains tyrosinase and TRP-1. Tyrosinase is a well-characterized marker that plays a pivotal role in melanogenesis. [1] [2] [3] To analyze the contribution of melanogenic proteins to nobiletin-induced melanogenesis, Western blot analysis was performed. The expression levels of tyrosinase and TRP-1 were found to increase dose-dependently with nobiletin treatment (Fig. 2B) . A, Cells were treated with nobiletin at the indicated concentrations for 72 h, and the Melanin content and tyrosinase activity were measured. Insert shows bio-synthesized melanin content in nobiletin-treated cells. U (unit) represents the activity of cell tyrosinase, which was calculated against a standard curve using purified mushroom tyrosinase. Data represent the mean AE SD of three independent experiments. Ã P < 0:005 vs. non-treated cells. B, Expression levels of melanogenic proteins were analyzed by Western blotting. -Actin served as a loading control.
Next we investigated the mechanism of nobiletininduced melanogenesis. Increasing evidence indicates that the extracellular signal-regulated kinase (ERK) signaling pathway plays a crucial role in melanogenesis. UVA irradiation-induced melanogenesis is associated with activation of ERK in the melanocytes.
15) The ERK pathway is strongly involved in the sphingosine-1 phosphate (S1P)-induced melanogenic signaling cascade and cAMP-induced melanin synthesis. 16, 17) Inhibition of the mitogen-activated protein kinase (MAPK) pathway triggers differentiation of melanoma cells and melanogenesis. 18) To determine whether the ERK pathway mediates nobiletin-induced melanogenesis, the phosphorylation of ERK and its melanogenic effects were examined in a time-dependent manner. Treatment with nobiletin (20 mM) gradually induced phosphorylation of ERK1/2. The levels of tyrosinase expression and the induction of melanin synthesis were accompanied by a parallel increase in ERK phosphorylation (Fig. 3A) . To determine whether ERK activation due to nobiletin is related to the regulation of melanogenesis, the effects of U0216 treatment on the production of melanin and tyrosinase expression were investigated. U0216, a MEK inhibitor, was applied 30 min before nobiletin treatment in order to inhibit ERK phosphorylation. U0216 markedly inhibited nobiletin-induced ERK activation as well as the nobiletin-induced increase in tyrosinase expression. Correspondingly, pretreatment with U0216 significantly reduced the amount of melanin that was synthesized during nobiletin-only treatment (Fig. 3B) . Our results indicate that nobiletin-induced ERK activation contributes to stimulation of melanogenesis.
Recent research has focused on the specific mechanisms involved in melanogenesis in order to develop new therapeutic agents for skin pigmentation abnormalities and candidates for safe and effective tanning. 19) In this regard, agents that stimulate tyrosinase activity and melanin production can be used as skin tanning agents. However, because melanogenesis is a complex process that is regulated by multiple signaling pathways, further studies are required to reveal the precise mechanism of the action of nobiletin in the melanogenic signaling pathway.
In conclusion, our results indicate that treatment with nobiletin stimulates melanogenesis in murine B16/F10 melanoma cells and induces the expression of major melanogenic proteins such as tyrosinase and Trp-1. Furthermore, the ERK MAPK pathway is essential for nobiletin-induced melanogenesis. A, Cells were cultured with 20 mM nobiletin for the indicated times. Western blot analysis revealed the levels of tyrosinase and ERK phosphorylation. B, Inhibitory effects of U0216 on tyrosinase expression and melanin synthesis were measured after 48 h of incubation with 20 mM nobiletin. U0216 (20 mM) was applied 30 min before nobiletin treatment.
